The advent of polymeric materials has significantly promoted the development and rapid growth of various technologies in biomedical applications, such as tissue engineering and controlled drug and gene delivery. Water-soluble polypeptides bearing functional side chains and adopting stable secondary structures are a new class of functional polymeric materials of potentially broad applications in medicine and biotechnology. In this article, we summarize our recent effort on the design and synthesis of the water-soluble -helical ionic polypeptides originally developed in our laboratory and highlight their applications in cell membrane penetration and nonviral gene/small interfering RNA (siRNA) delivery.
INTRODUCTION

P
olypeptides are widely used as biocompatible materials, 1,2 and a unique characteristic of polypeptides is their innate ability to adopt ordered conformations such as -helices and -sheets through cooperative hydrogen-bonding. These conformations impart polypeptides with desirable properties and functionalities in various biomedical applications, such as tissue engineering and drug delivery. 3, 4 Cationic polypeptides were also the first class of biomaterials used as nonviral gene delivery vectors. 5 However, conventional cationic polypeptides such as poly-l-lysine (PLL) and its modified derivatives often suffer from low transfection efficiencies despite their abilities to condense anionic plasmid DNA. [6] [7] [8] Polymers with better transfection efficiency, such as polyethyleneimine (PEI), have progressively replaced polypeptides as polymeric transfection reagents, 9 while PLL has assumed diminished roles in other functions relevant to transfection and sometimes is even used as negative control in gene transfection. However, specialty peptides, such as cell-penetrating peptides (CPPs) exemplified by penetratin, 10 transportan, 11 and TAT (HIV Tat-derived peptide with the sequence of RKKRRQRRR), 12 have been explored as component materials incorporated into existing delivery vectors to promote cell internalization, endosomal escape, and overall transfection efficiency. 13 Helical conformation is often observed in CPPs or formed in CPPs during membrane transduction, and has been closely connected to their membrane activity. 14 However, due to their short length and lack of adequate cationic charge density, CPPs are often incompetent as gene delivery vectors on their own. Therefore, it is of great interest in the design and synthesis of polypeptide-based vectors that possess the structural characteristics of CPPs (i.e., helical secondary structure) yet can also function as stand-alone gene delivery vectors.
Synthesis of Polypeptides using
Ring-Opening Polymerization of N-Carboxyanhydrides (NCAs) molecular weights (MWs) and broad molecular weight distributions (MWDs). 15 In the past decade, a few controlled NCA polymerizations were reported using ammonium, 16 transition metal complexes as initiators, 17, 18 or conventional amine initiators under high vacuum. 19 Mechanistic studies were also conducted on how temperature, pressure, and impurities affect the polymerization. 20, 21 These achievements collectively contributed to the improvement of traditional amine-initiated NCA polymerization. We recently reported hexamethyldisilazane (HMDS)-mediated, controlled NCA polymerization and identified trimethylsilyl carbamate (TMS-CBM) moiety as an unusual chain-propagation group 22 ( Figure 1(a) ). This methodology allows better control over MW and MWD, and thus enables the preparation of well-defined block copolypeptides. In addition, this metal-free living polymerization can be expanded to various N-trimethylsilyl (N-TMS) amines and allows facile functionalization of C-termini of polypeptides 23 ( Figure 1(b) ) by a variety of functional groups including alkene, alkyne, and norbornene. For instance, this system can be integrated with ring-opening metathesis polymerization (ROMP) by attaching TMS group on ROMP monomers or chain transfer agents (CTAs), such that well-defined polypeptides containing brush-like 24 31, 32 groups) or stimuli-responsive. [33] [34] [35] In conjunction with these efforts, we also developed novel NCA monomers based on glutamate, [36] [37] [38] [39] [40] such as the -(4-vinylbenzyl)-l-glutamate NCA (VB-l-Glu-NCA) bearing vinyl benzyl groups that can be converted into various functional groups including alcohol, aldehyde, carboxylic acid, vicinal diol, chloride, and aromatic ring via highly efficient post-polymerization modifications. 36 The versatility of this chemistry presents great potential in generating polypeptides with diverse side-chain functionalities and properties, which greatly potentiated the applications of polypeptide-based materials. 26, 27 Thiol-ene reaction 29 Alkyne-azide cycloaddition click reaction 30 Nucleophilic substitution 31, 32 Ozonolysis; Olefin metathesis 36 Thermo-responsive 33 Photo-responsive 35 water-soluble polypeptides with stable helical conformation. Incorporation of charged groups into polypeptides significantly improves water solubility, which however, also leads to reduced helical stability because of increased side-chain charge repulsion. 43, 44 Comparatively, introducing neutral hydrophilic groups (e.g., hydroxyl group, sugar moieties, or oligo ethylene glycol) onto the side chains can yield water-soluble polypeptides with stable helical structures. [45] [46] [47] However, these neutral polypeptides may not be easily used for gene delivery due to their lack of cationic charges to condense nucleic acids. Charged, water-soluble polypeptides that adopt stable -helical conformations would be an interesting alternative to these water-soluble, neutral, helical polypeptides in gene delivery.
We designed and synthesized ionic -helical polypeptides by elongating the separation distance between the polypeptide backbone and the distally positioned side charged groups. 48 We reason that when the charge is moved further away from the backbone, the helix-disrupting, side-chain charge repulsion would be reduced. Additionally, the enhanced hydrophobic interaction due to the elongated side chains would also serve to stabilize the helical conformation (Figure 2(a) ). We thereafter unraveled that when the charged residue was placed at a minimum of 11 -bond away from the backbone (Figure 1(c) ), the resulting polypeptide (PAHG and PVBLG-1, Figure 2 (b)) showed good water solubility and stable helical structures (Figure 2(c) ). The helical structure was also found to be highly stable under various physiochemical conditions. The helicity was stable over a wide range of pH (pH = 1-10) and temperature (5-60 ∘ C) (Figure 2 (d) and (e)), both of which are important parameters for biomedical applications (such as the pH variations among different extracellular/intracellular compartments). In addition, the helicity was also stable against high salt concentration (up to 3 M) and the denaturing reagent (urea, up to 2 M). 48 Such unique helical stability would allow the polypeptides to maintain integral secondary structures under a variety of complex physiological conditions, which largely broadens their utility in biomedical applications.
Bioactive Cationic -Helical Polypeptide Template for Cell Penetration and Nonviral Gene Delivery
On the basis of our aforementioned efforts in controlling NCA polymerization and synthesizing -helical ionic polypeptides, we are able to generate novel nonviral gene delivery vectors based on cationic helical polypeptides that are able to simultaneously condense genes and mediate membrane transduction. 49 As such, a library of cationic -helical polypeptides with various amine side groups (PVBLG-X) was synthesized via ROP of VB-l-Glu-NCA and subsequent side-chain amination (Figure 1(c) ). These polypeptides were screened in terms of gene transfection efficiencies in attempts to identify particular candidates with appropriate balance between hydrophilicity (i.e., DNA binding strength) and hydrophobicity (i.e., membrane activity). The top-performing polypeptide, named PVBLG-8 ( Figure 3(a) ), was identified that demonstrated 12-fold higher transfection efficiency than the commonly used transfection reagent polyethylenimine (PEI) (Figure 3 discovered that treatment with PVBLG-8 led to permeated intracellular distribution of calcein compared to the punctated spots of free calcein, which suggested that PVBLG-8 was able to promote membrane permeation by destabilizing the cell membrane and generating pores (Figure 4(a) ). In addition, PVBLG-8 with a concentration of 10 μg/mL incubated with murine erythrocytes resulted in 80% hemoglobin leakage, further indicating the membrane disruptive ability of the polymer. 50 Transfection studies were also performed in the presence of inhibitors such as bafilomycin that prevents proton transport and acidification of endosomes, or nocodazole that leads to the accumulation of endocytosed material in early endosomes via the disruption of active cellular transport processes. Bafilomycin showed negligible effect on PVBLG-8-mediated transfection. 49 Meanwhile, nocodazole induced a twofold increase in the transfection efficiency of PVBLG-8, which suggested that as more complexes accumulated the effective polymer concentration became sufficient enough to cause enhanced vesicle lysis. 49 These results collectively indicated that PVBLG-8 was able to mediate endosomal escape toward effective gene transfection mainly by disrupting the endosomal membranes rather than via the 'proton sponge' effect. As part of the above assessments, PVBDLG-8, an analogue of PVBLG-8 with nonhelical, distorted conformation prepared from the racemic d,l-NCA, was unable to mediate efficient pore formation on the cell membranes indicated by a lower percentage of hemolysis compared to that of the helical polypeptide at the same concentration, 50 and showed negligible transfection efficiency (Figure 3(b) ). Such observation thus highlighted the essential roles of helical structure in mediating membrane penetration and gene delivery that can present a rigid amphiphilic structure to promote the membrane interactions.
Apart from DNA, PVBLG-8 was also able to mediate effective cellular delivery of small interference RNA (siRNA). 50 Because of the rigid structure of both PVBLG-8 and siRNA and the relatively short length of the siRNA molecule, the condensation capacity of PVBLG-8 toward siRNA was lower than that toward plasmid DNA. 49 ,50 Nevertheless, we noted that PVBLG-8-mediated intracellular delivery of siRNA did not necessarily require condensation of siRNA. Namely, pretreatment of cells with free PVBLG-8 prior to addition of free siRNA led to comparable cellular uptake of siRNA as compared to codelivered materials (PVBLG-8 and siRNA were added to the cell media concurrently).
50 Such observation further substantiated that the helical PVBLG-8 was able to induce pore formation on cell membranes to promote the direct transmembrane diffusion of small nucleic acids, such as siRNA that contains only 21-27 nucleotides (Figure 4(b) ). Traditional CPPs often require the formation of acidic environment when disrupting biological membranes and mediating cellular uptake as well as endosomal escape, and they will be ineffective if the internalization route avoids rapid acidification, such as caveolae endocytosis. [51] [52] [53] In this regard, PVBLG-8 with stable and pH-independent helical conformation showed advantages as siRNA delivery vectors.
Cationic Helical Polypeptides Enhance Delivery Efficiencies of Other Systems
The membrane activities of PVBLG-8 not only endow it with potent gene/siRNA delivery capabilities, but also allow it to enhance the delivery efficiencies of existing systems. For instance, the incorporation of PVBLG-8 into self-assembled nanocomplexes (SSANs) consisting of oleyl trimethyl chitosan, oleyl-PEG-mannose, and DNA notably altered the intracellular kinetics of SSANs. 54 SSANs without PVBLG-8 were mainly internalized via clathrin-mediated endocytosis, an acidic and digestive route that often involves endosomal entrapment, as evidenced by the inhibited cell uptake level by 70-80% at 4 ∘ C or following treatment with chlorpromazine, an inhibitor of clathrin-mediated endocytosis. Comparatively, the cellular uptake level of SSANs with PVBLG-8 was only reduced by 30% at 4 ∘ C and endocytic inhibitors exerted slight or negligible inhibitory effect, which implied that PVBLG-8 allowed majority of the SSANs to enter the cells via energy-independent direct transduction after puncturing pores on cell membranes ( Figure 5 ). In addition to the internalization pathway, PVBLG-8 also altered the mechanisms underlying endosomal/lysosomal escape. The transfection efficiency of SSANs without PVBLG-8 was greatly enhanced by chloroquine that buffers the pH of late endosomes/lysosomes while was decreased upon treatment with bafilomycin, indicating that they partially escaped the endosomes/lysosomes via the 'proton sponge' effect. Nevertheless, neither chloroquine nor bafilomycin had appreciable effect on SSANs with PVBLG-8, which suggested that PVBLG-8 mediated endosomal escape by destabilizing the endosomal membranes rather than by the 'proton sponge' effect. In consistence with such huge discrepancy in the intracellular fate, incorporation of PVBLG-8 remarkably potentiated the transfection efficiency of SSANs by two orders of magnitude. 54 In a similar approach, PVBLG-8 was also incorporated to supramolecular self-assembled nanoparticles (SSNPs) comprising oleyl trimethyl chitosan, oleyl-PEG-mannose, oleyl-PEG-cysteine, sodium tripolyphosphate, and siRNA against tumor necrosis factor (TNF-), to strengthen their capabilities in oral siRNA delivery 55 ( Figure 6(a) ). Particularly, the potent membrane activities of PVBLG-8 notably enhanced the internalization of SSNPs by normal enterocytes as well as M cells in the small intestine, thereby resulting in augmented intestinal absorption level of the siRNA cargo via the intracellular pathway ( Figure 6(b) ). Nevertheless, PVBLG-8 had negligible effect on the paracellular transport via the tight junctions, as evidenced by the unappreciable alteration in the transepithelial electrical resistance values after incorporation of PVBLG-8 into the SSNPs. 55 Similar trend was also noted in gut-associated macrophages, the target cells of TNF-siRNA-mediated gene silencing. In the in vitro studies in RAW 264.7 cells (murine macrophages), incorporation of PVBLG-8 greatly enhanced the cellular uptake level of SSNPs due to its potent membrane disruption/destabilization capabilities, and thus triggered higher TNF-knockdown levels than SSNPs without PVBLG-8. The unique helical stability of PVBLG-8 between pH 2 and 9 allows it to maintain helix-dependent membrane activities after passing the gastric (acidic) and intestinal (weak basic) environments, such that their capabilities to promote intestinal absorption and gene silencing in gut-associated macrophages can be guaranteed. As a consequence of the facilitated intestinal absorption as well as the translocation of transfected gut-associated macrophages to systemic reticuloendothelial tissues, PVBLG-8 finally enhanced the capacity of orally delivered SSNPs to alleviate lipopolysaccharide (LPS)-induced systemic TNF-production ( Figure 6(c) ), and thus demonstrated desired anti-inflammatory efficacy against hepatic injury at a low dose of 50 μg/kg. This is the first example of a polymeric nanocarrier that can simultaneously address the material requirement for oral siRNA delivery, and the essential roles of PVBLG-8 render it great potentials for in vivo applications. 
Functionalization and Reconfiguration of Polypeptides toward Maximized Gene Delivery Capabilities
The potent membrane activity of PVBLG-8 that stems from both of its cationic density and helicity greatly contributes to its gene delivery efficiency, while in the meantime, excessive membrane activity will also cause irreversible damage to cell membranes that ultimately leads to undesired cytotoxicity. We thus sought additional strategies to reduce the material toxicity and simultaneously maximize its delivery efficiencies. Incorporation of poly(ethylene glycol) (PEG) moieties has been proven as an effective strategy to reduce material cytotoxicity and improve the polyplex stability. 56, 57 However, PEGylation might also reduce the membrane activity and the overall efficacy because the hydrophilic PEG corona prevents the interactions between polyplexes and cell membrane. 58 Motivated by these understandings, we designed and synthesized various compositionally equivalent yet topologically different PEG-PVBLG-8 copolymers (Figure 7(a) ), attempting to elucidate the effect of polymer topology on the gene delivery efficiency and identify the optimal architecture toward maximized transfection efficiency and minimized cytotoxicity. 59 Diblock, ABA triblock, graft, and star (8-arm) PEG-PVBLG-8 copolymers were prepared by using different amine-terminated PEG as initiators or grafting moieties. Diblock and triblock copolymers displayed lower membrane activities and cytotoxicities, and a possible balance thereof led to uncompromised gene transfection efficiency compared to the non-PEGylated homopolymer, PVBLG-8. The graft copolymer exhibited lower DNA binding affinity and membrane activity and overall reduced transfection efficiency, which was attributed to the steric effect of the PEG segments that prevented the polymer from accessing plasmid DNA as well as cell membranes. The star copolymer possessed the highest membrane activity yet relatively low cytotoxicity, thus resulting in the highest transfection efficiency that outperformed the non-PEGylated PVBLG-8 and Lipofectamine TM 2000 (LPF2000) (Figure 7(b) and (c) ). The extraordinary permeability of the star copolymer was believed to stem from its densely charged architecture as a 'multivalent cationic sphere', which favored interactions with negatively charged cell membranes.
In another approach, we designed a light-responsive PVBLG-8 derivative (PDMNBLG-r-PVBLG-8) that maintains high membrane activity pre-transfection while transforms to a helix-distorted and less charged state post-transfection to facilitate intracellular DNA release as well as eliminate long-term material toxicity 60 ( Figure 8 ). Upon external light triggers (UV or NIR), the poly( -(4,5-dimethoxy-2-nitrobenzyl)-l-glutamate) (PDMNBLG) domain will yield pendant carboxylate groups via light-triggered de-esterification (Figure 8(a) ). The intramolecular electrostatic attraction between negatively charged carboxylate groups and positively charged amine groups would thus reduce the net charge density and disrupt the helical structures, collectively leading to decreased membrane activity and cytotoxicity of the polypeptides. Additionally, the reduced cationic charge density also weakened the DNA binding affinity to promote intracellular DNA unpacking post-transfection, as evidenced by the notably promoted separation between red (rhodamine labeled PDMNBLG-r-PVBLG-8) and green (YOYO-1-DNA) fluorescence in the confocal laser scanning microscopy (CLSM) images of transfected HeLa cells pre-UV and post-UV light exposure (Figure 8(b) ). With the combined effect of reduced toxicity and facilitated DNA release, the gene transfection efficiency was greatly enhanced by one order of magnitude following light irradiation post-transfection. 60 This class of novel cationic helical polypeptides with built-in trigger-responsive domains allows us to precisely control the charge and conformational change of the polypeptides using external stimuli, and ultimately manipulate the intracellular responses to overcome multiple barriers against nonviral gene transfer.
Arginine residues have been found rich in many CPPs and their guanidinium head groups have been closely tied to the penetrating capabilities due to their interactions with the sulfate groups of glycosaminoglycans localized on cell membranes. 61 As all the aforementioned helical polypeptides contain amine groups on the side-chain terminals, we were thus motivated to develop guanidinium-rich helical polypeptides to further potentiate the membrane activities as well as the gene delivery efficiencies. By taking advantage of the controlled ROP of NCA and highly efficient 'click' chemistry, a library of cationic, helical, poly(arginine) mimics were developed where the guanidinium side charged groups were placed distally at a minimum separation of 13 -bond away from the backbone. 62 The resulting polypeptides adopted stable helical structures in comparison to poly(l-arginine) (PLR) that adopts random coil conformation under physiological conditions, and they exhibited higher cell penetration capabilities than commercial CPPs such as Arg9 and TAT, mainly via the pore formation mechanism. Further increment of the helicity by elongating the side-chain length up to 18 -bond yielded significantly improved membrane permeability, which again substantiated the importance of helical structure in mediating membrane interactions. Considering that hydrophobic domains would 'self-activate' the guanidinium groups to potentiate the penetrating properties, 63, 64 we also integrated hydrophobicity into the polypeptide design by developing a copolypeptide containing alkyl side chains. Particularly, an increase in the alkyl length that correlated to higher hydrophobicity resulted in greatly improved penetration level, while a decrease in the alkyl content from 50 to 10% further potentiated the penetration level, presumably due to increased cationic charge density of the guanidinium groups. Upon our efforts in the structural optimization, P14 with a proper balance among cationic charge density, helicity, and hydrophobicity was identified to be the top-performing material that outperformed commercial CPPs such as Arg9 and TAT by 1-2 orders of magnitude in terms of cell penetration potency (Figure 9(a) and (b) ). With its strong membrane permeability to mediate effective cellular internalization as well as endosomal escape, P14 also exhibited desired efficiency as a molecular transporter for DNA and siRNA, outperforming commercial transfection reagent LPF2000 by up to two orders of magnitude in terms of transfection/gene knockdown efficiencies (Figure 9(c) ). were developed. These materials possessed desired membrane activities mainly via the pore formation mechanism, and helical secondary structure was demonstrated to be essential toward their membrane permeabilities. As such, by facilitating direct transduction of the gene cargo across cellular as well as endosomal membranes, the helical polypeptides mediated effective gene/siRNA delivery by themselves or greatly strengthened the delivery efficiencies of existing systems. By incorporating multifunctionalities or reconfiguring the polypeptide architectures, we were able to modulate the membrane activities and material toxicities of the helical polypeptides, thus maximizing their gene delivery capabilities. Despite all these success, the detailed mechanism underlying the polypeptide-mediated membrane penetration remains to be unraveled using techniques such as small-angle X-ray scattering. A proper structural reconfiguration as well as formulation is also necessitated to maximize the in vivo gene delivery efficiency toward therapeutic attempts. Therefore, developing new ionic helical polypeptides with trigger-responsive, degradable, and targeting moieties will be a promising subject in the field.
